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dimension-five operators at the GUT scale could mediate proton decay with an unacceptable rate.
Giving up naturalness of the electroweak scale, the SpS scenario solves the problems without sacrificing the merits. If all sfermions are heavy, it is well known that the pattern of grand unification is unchanged, since they form complete SU (5) representations [11] . The Higgs bosons are also expected to be heavy, but by fine-tuning the B term in the Higgs potential the one Higgs doublet of the Standard Model can be made light. This modification of the MSSM spectrum does not necessarily affect the mass parameters of gauginos and Higgsinos, which can be protected by the combination of R symmetry and Peccei-Quinn symmetries. Hence, a TeV-scale LSP is possible (albeit not guaranteed). In the absence of light sfermions, the FCNC and proton-decay problems completely disappear.
The low-energy effective theory is particularly simple. In addition to the Standard Model spectrum including the Higgs boson, the only extra particles are the four neutralinos, two charginos and a gluino. Since all squarks are very heavy the gluino is long-lived. Renormalization group running without sfermions and heavy Higgses lifts the light Higgs mass considerably above the LEP limit, solving another problem of the MSSM. Still, the Higgs boson is expected to be lighter than about 200 GeV [7, 8] . Apart from this Higgs mass bound, the only trace of supersymmetry would be the mutual interactions of Higgses, gauginos and Higgsinos, i.e. the chargino and neutralino Yukawa couplings. These couplings are determined by the gauge couplings at the matching scale m, where the scalars are integrated out. Renormalization group running yields corrections of the order of 10-20% for these couplings [12, 8] .
At the LHC, the experimental challenge would be the observation and classification of the R-hadrons. In addition, we would like to search for direct production of the charginos and neutralinos, to identify their gaugino and Higgsino components, and to measure their Higgs Yukawa couplings. The absence of scalar states can be checked by constraining contact terms. Obviously, these precision measurements are a perfect task for a high-luminosity linear collider.
Renormalization group evolution
In supergravity-inspired SpS models, grand unification relates the bino, wino and gluino mass parameters M 1,2,3 at a high scale. The constraint that the LSP should not overclose the Universe requires µ to be not much larger than M 1 or M 2 [8, 13] . At low energies, the SpS renormalization group enhances the splitting between M 1 and M 2 on one side and M 3 on the other side with respect to the MSSM. The gluino will be heavy in comparison to the neutralinos and charginos. All neutralinos and charginos are strongly mixed, because the µ parameter should be chosen small at the high scale and then stays small after renormalization group running.
Assuming gaugino mass unification and a small Higgsino mass parameter, we start from the following model parameters at the grand unification scale M GUT = 6 × 10 16 GeV: For the SUSY-breaking scale we choose m = 10 9 GeV. In the effective theory approach this is the intermediate matching scale where the scalars are integrated out. Figure 1 displays the solutions of the renormalization group equations [14] following the Appendix of Ref. [8] with the input parameters set in eq. (1) . At the low scale Q = m Z , we extract the mass parameters: 
The resulting physical gaugino and Higgsino masses are: 
These mass values satisfy the LEP constraints. The neutralinosχ 0 1,2,3,4 are predominantly bino, Higgsino, Higgsino, and wino, respectively. The Higgsino content of the lightest neutralino is h f = 0.2, so the dark-matter condition [13] is satisfied. To our given order the Higgs mass is m H = 150 GeV, but as usually it will receive sizeable radiative corrections [15] .
Because we integrate out the heavy scalars, the neutralino and chargino Yukawa couplings deviate from their usual MSSM prediction, parametrized by four anomalous Yukawa couplings κ [12] . We can extract their weak-scale values from Fig. 1 :
Note that these are the leading logarithmic renormalization group effects, which should be supplemented by the complete one-loop corrections to the neutralino and chargino mixing matrices [16] .
3 Signals at the LHC The production cross section of gluinos and of charginos and neutralinos at the LHC are known to NLO [17] . In SpS models these cross sections depend only on the gluino mass and the chargino and neutralino masses and mixings, respectively, the latter being determined by the gaugino mass parameters M 1 and M 2 and the Higgsino mass µ. In Table 1 we list the LHC production cross sections for our example parameter point in eq.(3). For neutralino pairs we can understand the simple pattern, since in the heavy squark limit, neutralino production only proceeds through a Drell-Yan s-channel Z boson. The neutralinos with a large Higgsino fraction areχ 0 2,3 , which makes theχ 0 2χ 0 3 production dominant. The pair production of either of these two states is suppressed because the couplings of the Z boson to the two Higgsino states cancel each other in the superposition. Diagonal chargino pairs are produced at a comparably large rate because of the s-channel photon exchange.
The charginos are strongly mixed, but the ligherχ ± 1 has a larger Higgsino and the heavier χ ± 2 has a larger wino fraction. In mixed chargino and neutralino production, the s-channel W boson couples to either aH 0H ± or to aW 0W ± combination. Because of the composition of the neutralinos, the production cross sections forχ ± 1χ 0
The final states with a positive charge have a typically twice as large cross section as the final states with negative charge, due to the valence quark decomposition of the initial-state proton. Note that the associated production of charginos and neutralinos with a gluino is mediated by a t-channel squark exchange, and therefore is suppressed. Table 1 : NLO production cross sections at the LHC [17] . The masses and mixing matrices are fixed by the reference point in eq.(2).
Gluino decays
Unless we have a priori knowledge about the sfermion scale m, the gluino lifetime is undetermined. Figure 2 compares this scale with other relevant scales of particle physics. Once m 10 3 GeV, the gluino hadronizes before decaying. For m > 10 6 GeV, weak decays of heavyflavoured R-hadrons start to play a role, and the gluino travels a macroscopic distance. If m > 10 7 GeV, strange R-hadrons can also decay weakly, and gluinos typically leave the detector undecayed or are stopped in the material. For even higher scales, m > 10 9 GeV, R-hadrons could become cosmologically relevant, since they affect nucleosynthesis if their abundance in the early Universe is sufficiently high [7, 8] . Finally, m > 10 13 GeV is equivalent to a stable gluino since its lifetime is longer than the age of the Universe. With the given value of the intermediate scale m = 10 9 GeV and the weak-scale parameters of eq.(2), the gluino width is of the order of Γg ≈ 1.0 × 10 −25 GeV, i .e. τg ≈ 6.5 s.
The precise value can be computed only if the detailed squark spectrum is known; the above numbers correspond to universal scalar masses and no mixing. If gluino decays can be observed, their analysis yields information about physics at the scale m and thus allows us to draw conclusions about the mechanism of supersymmetry breaking. In a standard MSSM scenario with heavy scalars, the gluino will experience a three-body decaỹ g → qqχ 0 org →′χ± . Theχ's are predominantly gaugino for light quarks in the final state. In the charged decay, the flavour mixing is governed by the standard CKM matrix. A loopinduced decayg → gχ 0 is also possible and has a rate comparable to the tree-level three-body decays. This decay mainly proceeds via a top/stop loop, and the neutralino is predominantly Higgsino.
In the usual MSSM scenarios squarks are degenerate, so these decays are flavour-diagonal modulo CKM effects and left-right squark mixing in the third generation. The situation is different in SpS: due to the absence of FCNC constraints, arbitrary sfermion mass patterns are allowed once the scalar mass m exceeds a value of order 10 5 GeV. On the other hand, the left-right sfermion mixing angles vanish in SpS since the off-diagonal elements of the mixing matrices are suppressed by v/ m. Therefore, the flavour decomposition of gluino decays mirrors the sfermion mass hierarchy at the matching scale m. The ratio of branching ratiosg → qqχ 0 andg → QQχ 0 is given by (mQ/mq) 4 , so even a weak hierarchy will be greatly enhanced in the branching ratios. If the decays of long-lived gluinos can be observed, it is important to identify flavour, even though the conditions of flavour-tagging are non-standard if the decay does not occur near the interaction point.
R-hadrons
R-hadrons have been discussed early in supersymmetry phenomenology [5] . The spectrum of light-flavoured R-hadrons can be computed using a bag model [19] or lattice calculations [20] . The gluino is a colour octet, therefore a colour-singlet hadron can be made by adding a quarkantiquark pair coupled as an octet (in SU(3), 3 ⊗3 = 8 ⊕ 1), or by three quarks coupled as an octet, which is possible in two ways (3 ⊗ 3 ⊗ 3 = 10 ⊕ 8 ⊕ 8 ′ ⊕ 1). Furthermore, the gluino colour can be neutralized by adding a single constituent gluon (or another gluino, for that matter). These neutral states are collectively denoted by R g . In any case, for a heavy gluino the mass differences of the various R states are small with respect to to the overall mass. This situation is described by heavy-quark effective theory, where the gluino acts as a static colour source, unaffected by the dynamics of the quark-gluon cloud around it [21] .
Thegqq hadrons are similar to ordinary mesons, and they may be labelled in an analogous way: R π , R ρ , R K , . . . The total spin is fermionic (1/2 or 3/2), but this does not affect the dynamics because the gluino spin decouples from the surrounding cloud and a meson description is therefore appropriate. The higher excitations rapidly decay into the lowest excitations. Considering the ground states, we note that the R π hadrons are not Goldstone bosons, so they are not particularly light. The numerical estimates in [20] indicate that the R ρ states are slightly lighter, and the lowest R g is close to it. However, all mass differences are expected to be less than 100 MeV, so that all these ground states are stable with respect to the strong interaction. As long as the gluino decays at all, there is no reason for the lowest state to be neutral, so after weak decays the final state of the R-hadron decay chain could be either a neutral R or, say, the R ± ρ . In analogy to the mixing of the ρ 0 and the photon, we expect mixing of R 0 ρ and R g , so there may be significant isospin-breaking effects. The R-baryon spectrum differs considerably from ordinary baryons by the different colourand flavour-coupling schemes allowed. Their spectrum can be estimated using bag models [22] . However, in the process of fragmentation, baryon formation is less likely than meson formation, a feature that should persist in the present situation.
If the gluino production rate is sufficiently large, heavy-flavoured R-hadrons can be produced. These are interesting objects, because their weak decays may provide distinctive signatures of SpS. Let us consider the R − B =gbū. In the field of the static sourceg, the b quark will tightly bind to it, since m b ≫ Λ QCD . This system is approximately described by the same perturbative potential as describes the lowest-lying Υ states. The difference is that the physical b mass should be used instead of the reduced mass m b /2, and therefore α s should be evaluated at a slightly higher scale. Moreover, the prefactor 4/3, which is appropriate for 3 ⊗3 → 1 coupling we must replace by 3/2, which corresponds to 8 ⊗ 3 → 3. (Note that the triplet channel is the most attractive one in the coupling of an octet and a singlet.) Assuming that the systems are Coulombic, we can estimate the R b binding energy:
If we take m Υ(1S) − 2m B = −1 GeV as the Υ binding energy, we obtain E(R b ) ≈ −2 GeV. Clearly, this estimate can be refined by looking at the potential in more detail.
The gluino-b system forms a colour-triplet nucleus, which is surrounded by the light-quark cloud. Heavy-quark symmetry tells us that the dynamics of this cloud is similar to the dynamics of an ordinary B-meson. More precisely, the orbital part of the Hamiltonian is the HQET Hamiltonian in the extreme heavy-mass limit. The spin part is identical to the B-meson Hamiltonian, since only the b-quark spin couples to the light cloud, suppressed by Λ QCD /m b , while the gluino spin is irrelevant. Thus, B-meson data can be exploited to determine many of the properties of these states.
Long-lived gluinos at the LHC
The phenomenology of SpS models at the LHC is very dependent on the lifetime of the gluino. If this is smaller than the hadronization time scale, the signals will be the usual signals for supersymmetry [1] . If the gluino hadronizes, but the lifetime of the R-hadrons produced is short enough that they decay inside the detector, we might see additional vertices from the Rhadron decay. Because the phenomenology of these scenarios has been extensively considered in the literature, we will only consider the long-lived gluino here. For a stable R-hadron there are two important types of signal:
1. The production of a stable, charged, R-hadron will give a signal much like the production of a stable charged weakly-interacting particle [23, 24] . This signal consists of an object that looks like a muon but arrives at the muon chambers significantly later than a muon owing to its large mass. However, the situation will be more complicated than those considered in Refs. [23, 24] , as the R-hadron will interact more in the detector, losing more energy.
2. While for stable neutral R-hadrons there will be some energy loss in the detector, there will be a missing transverse energy signal due to the escape of the R-hadrons. As leptons are unlikely to be produced in this process the signal will be the classic SUSY jets with missing transverse energy signature.
There is also the possibility of signals involving the production and semileptonic decay of Rhadrons containing a heavy, i.e. bottom or charm, quark. For a gluino, which is stable on collider time scales, the phenomenology of the model depends on the cross section, which is controlled by the gluino mass, the ratio of stable charged to neutral R-hadrons produced and, for the decay of R-hadrons containing a heavy quark, the number of these hadrons produced.
To study the production of R-hadrons at the LHC we have to model the hadronization of the gluino. Our simulations use the HERWIG Monte Carlo event generator [25] , which in turn uses the cluster hadronization model [26] . In HERWIG, the gluons left at the end of the perturbative evolution in the QCD parton shower are non-perturbatively split into quark-antiquark pairs. In the large-N C limit, the quarks and antiquarks can be uniquely formed into colour-singlet clusters that carry mesonic quantum numbers. Preconfinement ensures that these clusters have a mass spectrum that peaks at low values and falls off rapidly at higher masses.
These clusters are assumed to be a superposition of the known hadron resonances and decay into two hadrons. To illustrate the decay we consider a cluster containing a quark q i and an antiquarkq j (i, j are flavour indices). First, a quark-antiquark pair of flavour k is produced from the vacuum with probability P k . 1 This specifies the flavours of the two produced mesons, (q iqk ) and (q kqj ). The type of meson is randomly chosen from the available mesons with the correct flavours. A weight
where S q iqk and S q kqj are the spins of the mesons selected and Φ [C → (q iqk ), (q kqj )] is the twobody phase-space weight for the decay of the cluster, is then calculated. A decay is accepted if W ≥ RW max where R is a random number between 0 and 1 and W max is the maximum possible weight. If the decay is rejected the procedure is repeated and a new quark-antiquark pair and types of mesons are selected. If we include a gluino, which is stable on the hadronization time scale, we will have a cluster containing a gluino in addition to the quark q i and the antiquarkq j . The simplest approach would be to select a quark-antiquark pair (q kqk ) as before, and randomly select either (q igqk ) and (q kqj ) or (q iqk ) and (q kgqj ) as the flavours for the mesons. However this would forbid direct production of the R g hadrons and in particular the lightest R-hadron state R 0 g . There is no obvious mechanism for the production of the R g states in the cluster model; we therefore chose to model R g production by including the decay of a cluster containing a gluino to R g and the lightest meson, with quark flavours (q iqj ), in addition to the normal cluster decays. This decay occurs with a probability P Rg .
In order to simplify the simulation we only include the lightest R-hadron with a given quark composition and do not include the R-baryons. The lightest R-hadron is taken to be the lightest R g state (R 0 g ) with mass Mg + 1.43 GeV [27] . The lowest-lying R-meson is the R ρ with a mass M R 0 g + 47 MeV [20] . The masses of the remaining R-hadrons are then given by Table 2 : Production rates of the R-hadrons. The probability of producing an R 0 g is set to zero when producing these numbers. The rates of the Rhadrons linearly decrease, and R 0 g increase, as this probability is increased.
where m q i is the constituent mass for the quark of flavour i and m u,d is the common constituent mass for the up-and down-type quarks.
The lightest mesonic R ρ states are taken to be stable, as is the lightest gluonic state R 0 g . The heavier mesonic R-hadrons decay weakly to the appropriate lighter R-hadron and an off-shell W -boson, which decays either leptonically or hadronically. The R φ state is too light to have a strong decay and it therefore decays to a pion and the R ρ , in analogy with the Standard Model decay φ → ρπ. The decay of mesons containing a pair of heavy quarks does not need to be modelled, because these are not produced in our approximation.
The percentages of the different species of R-hadron is shown in Table 2 for two different gluino masses. We see that the Rhadrons containing only light quarks are predominantly produced with a preference for up and down quarks over strange quarks. 2 The production rates for R-hadrons containing a heavy bottom or charm quark is very low. The reason for this is that in our simulation these mesons can only be produced if a gluon that is colour-connected to the gluino perturbatively branches into a heavy-quark pair. This might be an underestimate of the production rate for these states; in the same way, HERWIG tends to underestimate the production rates for bottom and charmonium, which are produced by the same mechanism, at LEP energies. However, given the very low rates it is unlikely that there will be enough events to detect a signal based on displaced vertices due to the decay of the companion heavy quark. The information that could be extracted from these decay signatures would of course be highly interesting. Table 3 : Size of the detector systems. The size of the components and their depth in terms of interaction lengths are based on the parameters of the ATLAS detector [29] .
While all these assumptions are necessary to perform the simulations, they do not have a major effect on the signals we will consider: the phenomenology is mainly determined by the gluino mass and the probability P Rg of producing the R 0 g rather than an R-meson in the cluster decays.
In addition to the hadronization, we need to consider the interactions of the R-hadrons in the detector. For the interactions of the other particles we use the AcerDet fast simulation [28] . The interaction of the gluino is modelled in the same way as in Ref. [6] . The energy and angular dependence of the R-hadron nucleon cross section are modelled using either the cut-off form with a cut-off value of 1 GeV or the triple-pomeron form considered in Section IIIA of Ref. [6] . Rather than the approach taken in Ref. [6] , which uses the average energy loss in these collisions combined with the depth of the detector in terms of radiation lengths, we propagated the Rhadrons through the detector. We generate the distance to the next interaction according to the exponential distribution using the interaction length. The differential cross section is used to calculate the energy loss and change in direction of the R-hadron due to the collision. This gives us fluctuations in the energy loss on an event-by-event basis. For the basic properties of the detector we use the parameters given in Table 3 , which are based on the ATLAS detector [29] . The energy loss in the electromagnetic and hadronic calorimeters is added to the cells of the calorimeter of the fast detector simulation. For charged R-hadrons, which will be detected in the muon chambers, we assume that the momentum measurement will be dominated by the momentum when the R-hadron reaches the muon chamber. The time of arrival of this meson at the muon chamber is smeared with a Gaussian of width 0.7 ns [23] and the momentum as described in Ref. [23] .
Our signatures depend on the energy lost by the R-hadron in the detector. The simple cut-off ansatz for the cross section gives too much energy loss for incident pions, whereas the triple-pomeron form gives a good approximation for pion energies lower than 100 GeV and too little energy loss at higher energies [6] . We investigate the uncertainty in the modelling of the interaction of the R-hadron with the detector in two ways. The simplest approach is to use the two different models of the cross section. The second is to vary also the interaction length λ R of the R-hadron in the detector between half and twice the value used in Ref. [6] : λ R ∼ 16/9λ π . The effects of these variations are shown in Fig. 3 . We find that the size of the variation decreases as the R-hadron mass increases and the effect becomes negligible for the masses we are interested in. The black lines are for the triple-pomeron form of the R-hadron nucleon cross section, the red lines are for the simple cut-off form [6] . The interaction length λ R is varied between twice the central value (solid), the central value (dashed) and half this value (dot-dashed). The dotted line shows where the R-hadron no longer passes the p T cut for the charged R-hadron analysis.
We consider two main strategies for the analysis. The first closely follows the analysis in Ref. [23] and requires the presence of a charged R-hadron, which is reconstructed as a muon. The transverse momentum of the hadron has to be larger than 50 GeV (which is sufficient to trigger the event) and the time delay with respect to an ultra-relativistic particle ∆t has to satisfy 10 ns < ∆t < 50 ns. An efficiency of 85% is applied for the probability of reconstructing a muon [23] . Figure 4 : Effect of the modelling of the interaction with the detector on the reconstructed Rhadron mass for different gluino masses. We show curves for λ R /2 with the pomeron cross section form (solid), λ R /2 with the cut-off form (dashed), λ R with the pomeron form (dotdashed) and 2λ R with the pomeron form (dotted). The probability for producing the R 0 g is set to zero. We simulate one million events, which is less than one year of high-luminosity running for the all the masses shown.
The mass of the R-hadron can then be reconstructed using
where p D and x are the transverse momentum and radius of the muon detectors or the momentum along the beam direction and half-length of the muon detector, depending on whether the R-hadron hits the barrel or end-cap detectors. It is important to check what the effect of the modelling of the R-hadron interaction with the calorimeter on the mass determination is. The reconstructed mass is shown for different gluino masses and choices of the interaction with the calorimeter in Fig. 4 . As we expect from Fig. 3 the effects of the different choices of the R-hadron interaction length and cross section are more apparent at low gluino masses. For all masses, halving the interaction length and using the cut-off form of the cross section leads to more energy loss by the R-hadron and hence a lower peak value for the mass and fewer events passing the cuts. For a gluino mass of 50 GeV, the shift in the average mass is 2.3 GeV, for a mass of 500 GeV the shift is 5 GeV, and for a mass of 2 TeV is 6.7 GeV. In a more realistic study this shift could be corrected for by including the energy deposited in the calorimeter when measuring the R-hadron mass.
The cuts we apply should eliminate the Standard Model background [23] . In order to calculate the discovery reach for charged R-hadrons we require the observation of ten R-hadrons. The results shown in Fig. 3 are using the half the default R-hadron interaction length and cutoff form of the R-hadron interaction cross section. This is the model that gives the highest energy loss. However, the results are not particularly sensitive to this choice and the choice of parameters with the lowest energy loss we consider gives only marginally better results. The reach for this signal is shown in Fig. 5 in the mg-P Rg plane. We see that the discovery reach extends to over 1.5 TeV for one year's running at low luminosity and to over 2 TeV for one year at high luminosity, apart from a region with low probability of producing a mesonic R-hadron.
The resolution of the reconstructed R-hadron mass is shown in Fig. 5 for an integrated luminosity of 100 fb −1 . For masses of less than 500 GeV the mass can be measured with a precision of better than 0.05%. For these masses, this precision is better than the shift in the measured mass due to the energy loss of the charged R-hadron in the calorimeter. For higher Table 4 : Allowed values for each of the cuts described in the text. In each case the variable is required to be larger than the value quoted.
masses the resolution decreases, but it is still better than 1% for masses up to 1.5 TeV. This is an effect of the mass shift due to the energy loss in the calorimeter.
A second signal that does not depend on the production of charged R-hadrons is the classic jets plus missing transverse energy signature. There will be no production of charged leptons in association with the gluino signal, apart from the decays of heavy hadrons. On the other hand, there will be fake muons from the charged R-hadrons. In analysing the missing transverse energy signal we therefore require that there be no leptons in the signal, so as to reduce the background from Standard Model W and Z production. When applying this cut we assume that charged R-hadrons that pass the same isolation cut as muons will be reconstructed as muons. This is a conservative assumption, because some of them will not be reconstructed, because of the large time delay.
Our approach is very close to Ref. [30] . The Standard Model QCD, top quark, W +jets and Z+jets signals are simulated using HERWIG6.5 [25] in logarithmic transverse momentum bins in order to increase the number of events simulated at high-p T , which are most likely to contribute to the background. A number of variables are used to distinguish between the signal and background events: (1) the missing transverse energy E T ;
(2) the transverse momentum of the hardest jet P T j 1 ;
(3) the transverse momentum of the second hardest jet P T j 2 ; (4) the scalar sum of the transverse momentum of the jets in the event P T j ; (5) the number of jets N jet ; (6) the transverse sphericity of the event S T ; see e.g. Ref. [1] for the definition of S T ; (7) the difference in azimuthal angle between the direction of the hardest jet and E T .
We test different sets of cuts on these variables to maximize the statistical significance of the signal on a point-by-point basis. The values of the cuts are given in Table 4 . The lowest value of the cuts on the missing transverse momentum and on the transverse momentum of the first jet are sufficient for the event to be triggered [30] . We define the significance as S/ √ S + B, to minimize the effect of statistical fluctuations in the signal and background samples and require a 5σ significance. The discovery potential for this signal is shown in Fig. 6 for the largest and smallest energy loss by the R-hadron considered in our modelling of the R-hadron interaction with the detector. For both choices of this interaction, the discovery potential is smallest for high probabilities of producing the R 0 g , and it increases with the probability of producing an R-meson. This is because there can be significant missing transverse energy when a neutral R-hadron is produced together with a charged one. If the charged R-hadron is considered to be a jet with a nonisolated muon, this gives a jet and significant missing transverse energy. 3 This also explains why the model of the interaction with less energy loss gives a lower signal: if the charged R-hadrons deposit less energy in the calorimeter, they are more likely to be considered as leptons and not included in the analysis, which reduces the signal. Even using this model of low interaction with the detector, gluinos with masses up to 1.1 TeV can be discovered with 100 fb −1 integrated luminosity, and gluinos with masses up to 1.3 TeV can be observed with an integrated luminosity of 300 fb −1 . 4
Yukawa couplings from gaugino-Higgsino mixing
If split supersymmetry should be realized in nature, the observation of the gluino, charginos and neutralinos will only be the first task. Once these states are discovered, we will have to show that they constitute a weak-scale SUSY Lagrangian. At the LHC, the immediate challenge will be the determination of the quantum numbers of the new particles [32] . Even if we take for granted their fermionic nature, this does not establish them as SUSY partners: the set of colour-octet, weak isosinglet, isotriplet, and a pair of isodoublet fermions (as present in the MSSM) makes up a minimal non-trivial extension of the Standard Model that is anomaly-free and consistent with gauge coupling unification. A quantitative hint for supersymmetry is given by the off-diagonal elements in the mass matrices, which determine the mixing of charginos and neutralinos and their Yukawa couplings. In SpS, these off-diagonal entries follow, up to renormalization group effects, the predicted MSSM pattern.
Without any mixing, the only production channels inqq or e + e − annihilation areχ + is therefore an indirect probe of the neutralino and chargino Yukawa couplings. To measure the neutralino and chargino mixing matrices, a precise mass measurement is sufficient. Without gaugino-Higgsino mixing the mass matrices are determined by the MSSM parameters M 1 , M 2 and µ. The gaugino-Higgsino mixing adds terms of the order of M Z and introduces the additional parameter tan β, leading to four MSSM parameters altogether. As shown before [33] , these parameters can be extracted from the six neutralino and chargino masses by using a simple fit, properly including experimental errors [34] . Figure 7 displays the cross sections for chargino and neutralino pair production in e + e − collisions for the point of eq.(2) as a function of the collider energy. With one exception, all channels have cross sections larger than 0.1 fb and the threshold value forχ + 1χ − 1 production is as large as 1 pb. A linear collider with moderate energy and high luminosity would be optimal to probe all these processes, and some kind of fit is the proper method to extract the weak-scale Lagrangean parameters. We emphasize that these cross sections [35] as well as the masses [16] are known to NLO. However, because we are mainly interested in the error on the extracted underlying parameters and less interested in their central values, we limit our fit to leading order observables.
Previous studies of the chargino and neutralino systems concentrated on the extraction of the mass parameters M 1 , M 2 , µ, while the off-diagonal elements were fixed or at least related to each other by the MSSM relations. In SpS, the four off-diagonal entries in the mass matrices are independent observables. As defined in eq.(4) we parametrize the couplingsg As mentioned above, the neutralino and chargino mixing matrices can be measured at a future linear collider, in continuum production as well as through a threshold scan [37] . The six masses alone are sufficient to determine all the usual MSSM parameters M 1 , M 2 , µ, tan β, plus one additional κ. Because the predicted values κ (′) i are small, the correct treatment of the experimental accuracies is crucial. For our central parameter point of eq.(2) we compute the masses and the cross sections shown in Fig. 7 , with the exception of theχ 0 1χ 0 1 channel. To all observables we assign an experimental error, which in our simplified treatment is a relative error of 0.5% on all linear-collider mass measurements [37] , 5% on all LHC mass measurements [38] , and the statistical uncertainty on the number of events at a linear collider corresponding to 100 fb −1 of data at a 1 TeV collider after all efficiencies 5 .
At the LHC, the precision of the theoretical cross section prediction [17] and the precision of the measurement of cross sections and branching ratios is likely to be insufficient to allow the extraction of small mixing parameters. Around the central parameter point we randomly generate 10000 sets of pseudo-measurements, using a Gaussian smearing. Out of each of these sets we extract the MSSM parameters. In principle, we could simply invert the relation between the masses and the Lagrangian parameters analytically. However, after smearing, this inversion will not have a unique and well-defined solution; therefore we use a fit to solve the overconstrained system. The distribution of the 10000 fitted values should return the right central value and the correctly propagated experimental error on the parameter determination. If necessary, we apply another maximum χ 2 cut on the 10000 fits, to get rid of secondary minima. The distributions of the measurements are not necessarily Gaussian, and there might be non-trivial correlations between different measurements. At the end, the crucial questions are: (i) is the error on the parameter measurements sufficient to claim agreement with the MSSM prediction, and (ii) Is the measurement good enough to probe the renormalization group effects of the heavy scalars in SpS? As a first test of our approach we set all four non-MSSM contributions to zero (κ (′) i = 0) and add one of the four anomalous Yukawa couplings to the set of fitted parameters, keeping the other three fixed during the fit. In Fig. 8 we show the result for a combined fit of M 1 , M 2 , µ, κ u and possibly tan β. At a linear collider we can extract the mass parameters at the percentage level and the best measured anomalous coupling, κ u , to typically 0.01. In Table 5 we see that the error on the determination of all four κ values at a linear collider is a few per cent. Generically, the error on κ u enters with an additional factor sin β. We checked that for large tan β values, e.g. tan β = 30, only κ (′) u can be extracted with a reasonable error. If we fix all but one κ to their zero MSSM prediction, the remaining off-diagonal entries in the mass matrices are determined by tan β. While we might hope to extract tan β from the Higgs sector, we also test the prospects of determining it in our fit. In Table 5 we see that errors only slightly degrade when we include Fit tan β Table 5 : Error on the determination of κ i from measured masses and possibly production cross sections. For the first five lines, all but one κ are fixed to zero, the fitted κ has the central value zero. In the last four lines, all four κ i are fitted simultaneously. The very last line assumes the predicted central values of κ i in our SpS parameter point. The error on the mass measurements is 0.5% for Tesla and 5% for the LHC. The sets of measurements marked by * include a maximum χ 2 cut to get rid of secondary minima.
tan β in the set of parameters we fit to, and in Fig. 8 we see that the determination of tan β indeed works very well.
Since we are limiting the number of unknowns to four or five (depending on whether or not we fit tan β), the six mass measurements should be sufficient to extract one anomalous Yukawa coupling. parameter. Indeed, in Table 5 we see that the precision on the κ (′) i suffers only slightly when we limit our set of measurements to the masses alone and assume tan β to be known. This is an effect of the overwhelming precision of the mass measurement through threshold scans, our assumed error of 0.5% is even conservative. Adding tan β to the fit shows, however, that with five parameters and six measurements our analysis are starting to lose sensitivity. When we try to extract the Lagrangian parameters from a set of mass measurements at the LHC, the errors on the mass parameters M 1 , M 2 , µ inflate to the 10% . . . 20% level, as shown in Fig. 8 . While we can still test if the κ (′) u follow the weak-scale MSSM prediction, the experimental precision does not seem sufficient to test the SpS renormalization group effects. Moreover, it is not clear if all neutralino and chargino masses could be extracted at the LHC, because all current search strategies rely on squark and gluino cascade decays [38] . Last but not least, we do not know if we will be able to measure tan β in the Higgs sector, and including tan β in the LHC fit will make the extraction of κ i simultaneously. This is the proper treatment, unless we would have reasons to believe that some of the κ (′) i are predicted to be too small to be measured. This means that tan β is no longer an independent parameter: we can fix it in the fit, to reduce the number of unknown Lagrangian parameters. The error on the determination of all four κ (′) i is shown in Fig. 9 , including the error on M 2 , to illustrate that adding all four anomalous couplings to the fit has little impact on the measurement of the dominant Lagrangian mass parameters. In Table 5 the errors for the simultaneous κ measurements are compared with the single-κ fit. If we fix tan β to the correct value, the error bands increase by a factor of two at the maximum, when we move to a combined extraction of all κ (′) i . Adding tan β to the fit shows us to which degree we are already limited by the number of useful measurements: the quality of the measurements suffers considerably and we have to avoid secondary minima. However, as we already pointed out, tan β should be fixed if we limit ourselves to independent parameters. The question to know, what happens if we fix it to a wrong value. From eq.(4) we see that assigning a wrong value to tan β should just move the central values of the extracted κ (′) i , in our case away from zero. As an example, for an assumed value tan β the four anomalous coupling measurements are centred around 0.023, −0.23, 0.023, −0.23 instead of zero, in the order of Table 5 . Again in Table 5 we see that the effect on the errors is indeed negligible.
The last step left is from the case κ (′) i = 0 to the values predicted by SpS, eq.(4). This is merely a cross-check, because the error in the extraction of the anomalous couplings should not significantly depend on their central values. Indeed, in Fig. 9 and in Table 5 we see that the central value has no visible effect on the errors, even though in our case it makes the fit more vulnerable to secondary minima. As usual, we get rid of the secondary minimum using a maximum-χ 2 value for the 10000 pseudo-measurements, reducing the number of entries in the histogram by 17%. These results for the linear collider indeed indicate that we could not only confirm that the Yukawa couplings and the neutralino and chargino mixing follow the predicted MSSM pattern; for the somewhat larger κ ′ i values we can even distinguish the complete weak-scale MSSM from a SpS spectrum.
Direct measurement of Yukawa couplings
While the elements of the neutralino and chargino mixing matrix depend on the Yukawa couplings in a complicated way, the cross sections for chargino/neutralino pair production in association with a Higgs boson are directly proportional to these parameters. Therefore, the observation of Hχχ final states [36, 40] could add to our knowledge of the Yukawa couplings that can be gained in chargino/neutralino pair production.
If decays of the kind χ ± 2 → χ ± 1 H or χ 0 j → χ 0 i H proceed with a significant rate, these branching fractions are determined by the Yukawa couplings in conjunction with the mixing effects and should be included in a global fit. Unfortunately, for low values of the mass parameters M 1 , M 2 , µ this is less likely to happen than in the MSSM, since the Higgs is considerably heavier, so that some channels are no longer kinematically accessible. In particular, for the reference point eq.(2), no such decay is possible.
However, in this situation there is still associated production of charginos and neutralinos with a Higgs boson in the continuum, which can in principle be observed at a high-luminosity e + e − collider. Figure 10 displays the cross sections as a function of the collider energy. Like all s-channel processes, the curves peak immediately above the respective threshold energies. The dominant Standard Model background to these processes consists of Higgs production in association with Z and W bosons and a neutrino pair, also shown in Fig. 10 . The neutrino pair can either originate from a Z boson or from the continuum (W -fusion processes), where in the latter case the total cross section increases with energy. Last but not least, we have to take into account processes with a forward-going electron in the final state, which may escape undetected.
Although the backgrounds are substantial, they do not affect all signals simultaneously, and they can be reduced significantly by kinematical cuts. Assuming thus that processes with Higgs-strahlung off a chargino or neutralino can be identified above the background, they will depend on the κ directly and through the neutralino and chargino masses. Apparently, the neutralino processes have a rate too small to help in disentangling the parameters. However, in contrast to chargino pair production,χ +χ− H associated production depends on κ u and is independent of κ ′ u , so its inclusion in a global fit reduces the correlation between these two parameters. Because the dependence of the cross sections on κ ′ d is fairly weak, this parameter will pose a challenge for the direct extraction.
The precision that can be achieved from cross section measurements is given by the statistical error on the cross section. Assuming 1 ab −1 of integrated luminosity, we could collect a sample of at maximum 200 (100) signal events, which gives us an error of 7%(10%) on the cross section measurement and therefore an error of 3.5%(5%) on the measurement of the Yukawa coupling. This number could be competitive with our estimates for the indirect measurement shown in Table 5 . However, even if we can extract the masses involved using a threshold scan, the extraction of couplings from cross sections is always plagued by theoretical uncertainties due to higher orders and systematical experimental uncertainties. More detailed studies are required to obtain a final verdict on the errors [39] .
Conclusions
Recently, models of split supersymmetry have been suggested. If we are willing to accept a high degree of fine-tuning for the separation between the weak scale and the Planck scale, decoupling of all sfermions can solve problems which usual supersymmetry has in the flavour sector, mediating proton decay or leading to large electric dipole moments. In particular, gauge-coupling unification and the existence of a dark matter candidate naturally survive the decoupling of the scalar partner states.
For collider experiments this means that only gauginos and Higgsinos are light enough to be produced, because their masses can be protected by a chiral symmetry. At the LHC we will observe a long-lived gluino. Over almost the entire parameter space, we will be able to see the resulting charged R-hadrons for gluino masses larger than 2 TeV and determine the gluino mass to better than 1%. In the region where the probability of producing a mesonic R-hadron is small, the reach can be enhanced by the classic jets plus missing energy channel. This leaves us with a reach of between 1.3 TeV and 2.3 TeV for the gluino mass, depending on the details of the R-hadron spectroscopy. We emphasize that the interaction of the gluino in the detector is currently being studied in more detail and we expect improved estimates for the discovery reach as well as for the mass measurement [31] . Because cascade decays of squarks and gluinos leading to subsequent neutralino and chargino signals will not be available for split supersymmetry models, we give their direct production cross sections. It will be a challenge to extract these signals from the Standard Model backgrounds and separate them to gain access to some of the model parameters.
Obviously, a future high-luminosity linear collider will be perfectly suited for this kind of precision measurements. Integrating out the scalars at a high scale leads to renormalization group effects for the neutralino and chargino Yukawa couplings and their mixing matrices. At a linear collider we will be able to see all neutralinos and charginos and measure their masses and cross sections, provided the collider energy is sufficient. From these measurements we can extract the mixing matrix elements (or anomalous Yukawa couplings) to better than 10% accuracy. Through the associated production of charginos with a Higgs we might also have direct access to these Yukawa couplings. If split supersymmetry effects are large enough we will be able not only to confirm that neutralinos and charginos are indeed the partners of gauge bosons and Higgs bosons -we will also gain insight into the heavy decoupled spectrum.
